Abstract: Nanobodies are antigen-binding, single variable domain proteins derived from naturally-occurring, heavy chain only antibodies. They are highly soluble, stable, and can be linked to build multi-specific formats. Several Nanobodies are currently in clinical development in different therapeutic areas, for both chronic and acute applications. For the former, prolonged exposure is achieved by half-life extending moieties that target endogenous albumin, while for the latter, non-half-life extended constructs are preferable. To demonstrate the general pharmacokinetic behavior of both formats, serum levels of seven intravenously administered Nanobodies were analyzed in cynomolgus monkeys, mice or rabbits. In monkeys, the total clearance of a monomeric irrelevant Nanobody was rapid (2.0 mL/(min*kg)) and approximated the species glomerular filtration rate, indirectly suggesting that the Nanobody was mainly eliminated via the kidneys. When linked to an anti-albumin Nanobody, a 376-fold decrease in clearance was observed, resulting in a terminal half-life of 4.9 days, corresponding to the expected species albumin half-life. Similar conclusions were drawn for (non-) half-life extended mono-, bi-and trimeric Nanobodies in mice or rabbits, suggesting that these kinetic principles apply across species. Applying this knowledge to species translation and study design is crucial for successful pre-clinical development of novel therapeutic Nanobody candidates.
Introduction
Nanobodies are antigen-binding, single variable domain proteins derived from naturally-occurring heavy chain only antibodies [1] . As hydrophobic interaction with a light chain is not required, Nanobodies are highly soluble, physicochemically stable and can be produced efficiently with high yields in eukaryotic (including yeast and mammalian) or prokaryotic host organisms. The single domain nature and small size allow easy formatting by genetic fusion into multimeric constructs with multiple specificities [2, 3] . Owing to these favorable properties, several Nanobodies are being developed for a wide variety of therapeutic applications [4, 5] .
In monomeric format, Nanobodies (±15 kDa) are approximately ten times smaller than monoclonal antibodies (±150 kDa). Small proteins are expected to be filtered by the renal glomerulus. The fraction of compound that can pass through the glomerular filter depends on the size, charge, and shape of the macromolecule [6] . Filtration occurs freely for compounds smaller than approximately 10 kDa [7] . The fractional clearance decreases with increasing size, and is expected to become marginal for molecules with hydrodynamic radii above 3.5 to 6 nm [6] , as the effective pore size of the glomerulus is estimated around 8 to 10 nm in diameter [7] . Given a similar size, cationic compounds are more easily filtered than neutral or anionic compounds due to the strong net negative charge at the site of the glomeruli, as demonstrated by dextran (radius of ±3.6 nm) and horse radish peroxidase (radius of ±3 nm) ranging in pI below 4 up to 9.2 [6, 8] . Additionally, the fractional clearance of linear flexible molecules such as polyvinylpyrrolidone and dextran appears to be higher than for proteins similar in size [6] . Often, albumin (66.4 kDa [9] ) is referred to as a good estimate for the molecular weight cut-off of the glomerulus [7] . The sieving coefficient at which albumin is filtered through the glomerulus is small, estimated at 0.062% [10, 11] to 0.19% in rats [12] . Taken together, Nanobodies are expected to be filtered, although not freely, by the glomerulus. Indeed, proteins of similar size, such as nartograstim (19 kDa) and filgrastim (19 kDa) have been reported to be extensively cleared by renal excretion in rats [13, 14] .
Proteins larger than albumin are thought to be mainly eliminated through catabolism via the lysosomal or ubiquitin protein degradation pathways [7] . Both albumin and immunoglobulin G (IgG) are protected from lysosomal degradation by binding to the neonatal Fc receptor (FcRn) which is highly expressed by many cells [15, 16] . Binding to this receptor occurs strictly in a pH-dependent manner: following pinocytosis, IgG and albumin bind to FcRn in the acidic environment of the endosomes, but not at physiological pH. By binding to FcRn in the acidified endosomes, intact IgG and albumin can be recycled back to the cell surface resulting in exocytosis and release from FcRn extracellularly at neutral pH [17] . As a result, these molecules show high residence times, with reported half-lives in human of approximately 17-19 days [18] for albumin and 21 days for IgG1, IgG2 and IgG4 [19] . Attempts have been made to extend the half-life of small proteins and peptides by limiting renal elimination and/or benefiting from the FcRn salvaging pathway, e.g., through (i) fusion of the protein to albumin [20] or to the Fc fragment of IgG [21] , (ii) covalently binding to polyethylene glycol increasing its hydrodynamic radius and stability [22] , or (iii) targeting endogenous albumin reversibly [17, [23] [24] [25] . Similarly, anti-albumin Nanobodies have been linked to other Nanobody constructs into multi-specific formats [26] . However, only limited fragmentary information on the detailed pharmacokinetic (PK) behavior of Nanobodies (anti-albumin half-life extended or not) is currently available in literature [5] . An integrated understanding of factors affecting the disposition of Nanobodies of different formats will enable to implement more robust pre-clinical and clinical study designs.
The aim of the present manuscript is to elaborate on the general pre-clinical serum PK of non-halflife and anti-albumin half-life extended Nanobodies. For this purpose, seven Nanobodies of varying format and size were administered intravenously (i.v.) in mice, rabbits or cynomolgus monkeys and the resulting serum PK profiles were analyzed and interpreted.
Results
Following a single i.v. bolus administration, the serum PK of seven Nanobodies composed of varying constructs (mono-, di-, or trimeric Nanobodies) of a combination of irrelevant ('Irr': no target binding) and albumin binding ('Hle': Half-life extension) building blocks, were evaluated in mice, rabbits or cynomolgus monkeys. An overview of the test items and the performed experiments is provided in Table 1 . Mean (n = 3; ±standard deviation) serum concentration PK profiles are shown in Figure 1 . The half-life extended Nanobodies Hle1, Irr1-Hle1 and Irr2-Hle2-Irr2 (Table 1 , mono-, di-and trimeric, respectively) in mice and Irr3-Hle2 (dimeric) in monkeys showed a clear prolonged exposure compared with the non-half-life extended Nanobodies Irr1 and Irr1-Irr1 (mono-and dimeric) in mice, Irr2-Hle2-Irr2 (trimeric) in rabbits and Irr3 (monomeric) in monkeys: for half-life extended Nanobodies, serum levels were detectable up to 10 days in mice and 35 days in monkeys ( Figure 1 , Panel A), while for non-half-life extended Nanobodies, levels were below the quantification limit within the first day following administration (Figure 1B ). For all test items, the ELISA lower quantification limits ranged from 5 to 52 ng/mL ( Table 1 ). The impact of half-life extension seemed comparable for monomeric versus dimeric Nanobodies following equal dosing ( Figure 1C ,D, respectively) with serum levels detectable up to 4 days after i.v. administration of 100 µg. Similarly, in monkeys following 2 mg/kg i.v. dosing, serum levels of Nanobody Irr3 were only quantifiable up to 8 h, while the addition of an albumin binding block prolonged the exposure to 35 days ( Figure 1F ). Nanobody Irr2-Hle2-Irr2 displayed a prolonged exposure in mice versus rabbits ( Figure 1F ) even though the dose for the rabbits was more than double than for the mice (2.5 mg/kg vs. 1.2 mg/kg). The dissociation constant (KD) of Irr2-Hle2-Irr2 for mouse serum albumin was 180 nM, while Irr2-Hle2-Irr2 could not bind to rabbit serum albumin (Table 1) . No signs of emerging PK-altering anti-drug antibodies were apparent, based on the linearity of the terminal phase of the PK profiles.
As all Nanobodies displayed a biphasic exponential decline in serum concentration levels, a bicompartmental model was used to fit the data and the resulting PK parameters are shown for each experiment in Table 2 . Figure 1 . Mean observed (n = 3*; ±standard deviation) serum concentrations (µg/mL) in function of time (days) of seven Nanobodies tested in mice, rabbits or cynomolgus monkeys after single intravenous (i.v.) administration (semi-log scale). Panels (A,B) versus (C-F) represent the same dataset, plotted differently for interpretation purposes. For clarity, antialbumin half-life extended Nanobodies ((A); Filled symbols) are plotted on a separate timescale than non-half-life extended Nanobodies ((B); Open symbols). The impact of half-life extension on monomeric (C) and dimeric (D) Nanobodies (Hle1 vs. Irr1 and Irr1-Hle1 vs. Irr1-Irr1, respectively) tested at a fixed dose of 100 µg in mice is shown. The necessity for high affinity of an anti-albumin Nanobody (Irr2-Hle2-Irr2) for the respective species albumin is shown for mice ( Table 1 , dissociation constant KD = 180 nM; 1.2 mg/kg dosing) versus rabbits (no albumin binding; 2.5 mg/kg dosing) in (E). The impact of half-life extension by linking an anti-albumin Nanobody (Hle2) to an irrelevant Nanobody (Irr3) tested in cynomolgus monkeys (2 mg/kg) is shown (F). * Except for Irr3 after 16 hours (n = 1) and Irr3-Hle2 after 32 and 35 days (n = 2) post administration, due to values below the limit of quantification. Units were adjusted for body weight assuming a 19 g mouse for the mice studies with fixed dosing of 100 µg (Hle1; Irr1; Irr1-Hle1; Irr1-Irr1).
b Due to limited data, parameters were estimated via non-compartmental analysis using two data-points only for the terminal phase (Parameter uncertainty expected to be high). In contrast with mouse and rabbit (mean profiles), PK profiles in monkeys were analyzed individually (n = 3 per treatment) and mean (%CV) of individual parameters are shown. d For clarity in interpreting CL and Q, these parameters are expressed both in mL/(day*kg) and in mL/(min*kg).
As the obtained PK profile in rabbits consisted of data at only three time-points, two-compartmental PK analysis could not be performed. These data were analyzed via non-compartmental analysis, with time-points at 3 h and 8 h post-administration selected as terminal phase. As a result, the obtained parameters for Irr2-Hle2-Irr2 in rabbits are not expected to be estimated accurately and should therefore be interpreted with caution (Table 2 ). In mice, PK parameters based on mean profiles were estimated with acceptable precision, with relative standard errors (RSE) generally remaining below 40%, except for inter-compartmental flow (Q) and for most parameters of Nanobody Irr1-Hle1 (Table 2 ). In contrast to mice and rabbits (mean profiles), complete individual PK profiles were obtained and analyzed individually in monkeys. The PK parameters were estimated with acceptable precision (RSE below 40%) in the individual monkeys, except for Q (RSE up to 190%) in most animals and for peripheral volume (Vp) in one animal (60% RSE). The resulting mean PK parameters displayed relatively small variation coefficients (CV), below 50% for all estimated parameters ( Table 2 ), indicating that the between animal variability (n = 3, per treatment) was limited. Overall, these precision results showed that the main PK parameters, central distribution volume (Vc) and clearance (CL), were well estimated. Distribution parameters Vp and Q were estimated less precisely, especially for half-life extended Nanobodies, suggesting that perhaps a more extensive sampling in the initial phase of the PK profile would be required when improved parameter estimation of Vp and Q is of particular interest.
The distribution volume at steady state (Vss) of the half-life extended Nanobodies was low, ranging from 52.3 mL/kg in monkeys to 119 mL/kg in mice ( Table 2 ), suggesting that these Nanobodies are mainly confined to the vascular space. In contrast, non-half-life extended Nanobodies showed a two to three-fold increase in Vss, up to 363 mL/kg for the monomeric Nanobody Irr1, suggesting increased tissue distribution. However, non-half-life extended Nanobodies showed a dramatic increase in clearance, compared with their anti-albumin counterparts, with the highest clearance, 20.4 mL/(min*kg), observed for Irr1 which constitutes a 167-fold clearance increase compared with the monomeric antialbumin Nanobody Hle1. In cynomolgus monkeys, a 376-fold increase in clearance was observed for Irr3 compared with Irr3-Hle2. As a consequence, estimated exposure (AUC) and half-life of the terminal or beta phase (t1/2,beta) was markedly lower for non-half-life extended Nanobodies (Table 2) . Similarly, the estimated clearance drastically increased (48-fold), with corresponding decrease in AUC (48-fold decrease in dose normalized AUC), when Irr2-Hle2-Irr2 was administered to rabbits (i.v. 2.5 mg/kg) compared with mice (i.v. 1.2 mg/kg), as Hle2 binds strongly to mouse albumin but not to rabbit albumin.
Overall, these results clearly indicate that half-life extension via anti-albumin binding proved successful in decreasing the total Nanobody clearance resulting in prolonged exposure in terms of estimated AUC and measurable serum levels in mice and monkeys, as shown by a set of different Nanobody constructs.
Regarding safety, no signs of local or systemic intolerance were observed during the in vivo phase of the studies, and none of the animals died prematurely.
Discussion
In order to demonstrate the general PK behaviour of different Nanobody formats, serum levels were monitored for seven Nanobodies, composed of anti-albumin binding or irrelevant (no target binding) building blocks, administered intravenously in different animal species. For half-life extension purposes, albumin targeting is desired due to its abundance (ranging between 35 to 50 g/L in normal human plasma [9] ) and its long terminal elimination half-life in humans, estimated at approximately 17-19 days [18, 27] .
Serum Pharmacokinetics of Non-Half-Life Extended Nanobodies
The total clearance observed for the non-half-life extended Nanobodies was faster than for albumin binding formats. Due to their small size, unbound Nanobodies are rapidly cleared from the systemic circulation through the kidneys by glomerular filtration, as demonstrated by the high percentage of radioactivity recovered in the kidneys shortly after dosing and the rapid decline in total radioactivity recovery [26, [28] [29] [30] . Filtration occurs freely for compounds smaller than approximately 10 kDa [7] , while for larger proteins, the filtration rate decreases upon increasing size and decreasing isoelectric point (pI) [6, 8] . Human serum albumin (66.4 kDa; pI = 5) is often referred to as a good estimate of molecular weight cut-off of the glomerulus [6, 7] . Since the non-half-life extended Nanobodies tested in our experiments were smaller than albumin (ranging from 13 to 41 kDa) and had a higher pI (ranging from 5.4 to 9), it is expected that a significant fraction of Nanobody could pass the glomerular filter at a high rate. As with most physiological rates and blood flows, the glomerular filtration rate (GFR) increases with decreasing body weight across species, from an estimated 14 mL/(min*kg) in a 20 g mouse up to 1.8 mL/(min*kg) for a 70 kg human [31] . Interestingly, the estimated total clearance of 2.0 and 20.4 mL/(min*kg) of monomeric Nanobodies Irr3 (13 kDa; evaluated in cynomolgus monkeys) and Irr1 (16 kDa; evaluated in mice) approximated the GFR in the corresponding species, 2.1 and 14 mL/(min*kg) for monkeys and mice, respectively [31] . Once filtered, Nanobody removal is expected to occur via urine, either degraded or intact, or through catabolism in proximal tubule cells.
Of note, serum PK can only indirectly suggest the dominance of renal filtration, and total drug clearance remains a combination of both renal elimination and catabolism [7] . Moreover, due to the rapid Nanobody elimination, it becomes particularly challenging to accurately estimate clearance, as the dominant fraction of the area under the curve (AUC) is expected to occur during the initial phase of the PK profile, and immediately upon administration. To illustrate this, the PK profile of Irr1 in mice was analyzed via non-compartmental PK analysis (NCA), which revealed that the fraction of the total AUC originating from back-extrapolation from the first time-point (5 min post-administration) to time of administration was large: 43% of the total AUC. As this back-extrapolation resulted in a lower estimation of concentration at time 0 (C0) than expected, it is likely that the PK analysis underestimates the AUC and thus overestimates the true clearance. For example, upon i.v. administration, the C0 of a Nanobody is expected to be approximately similar to the administered dose divided by the plasma volume, which corresponds to 100 µg/mL for a fixed dose of 100 µg in mice assuming a plasma volume of 1 mL [31] . Indeed, the C0 for half-life extended Nanobodies Hle1 and Irr1-Hle1, was estimated via NCA at 82 to 109 µg/mL, respectively, following a fixed dose of 100 µg in mice. Including a fictive data-point in the PK profile of Irr1, C0 fixed at 100 µg/mL, resulted in a decrease in estimated clearance from 19.1 to 13.7 mL/(min*kg) via NCA, which closely approximates the GFR estimated at 14 mL/(min*kg) in mice [31] . Furthermore, this sensitivity analysis illustrates that the choice of PK sampling schedule can have a large potential impact on the estimated parameters for non-half-life extended Nanobodies.
As mentioned, the renal contribution to total CL increases with decreasing molecular weight [6, 7, 32] . Thus, as expected for molecules of similar pI (5.4-5.5), the clearance of the dimeric Nanobody Irr1-Irr1 (31 kDa) was smaller than that of the monomeric Nanobody Irr1 (16 kDa), estimated at 5.6 and 20.4 mL/(min*kg), respectively. Similarly, the trimeric Nanobody Irr2-Hle2-Irr2 (41 kDa; pI = 9) tested in rabbit and with building block Hle2 unable to bind to rabbit albumin, showed a fast clearance (2.0 mL/(min*kg)) as expected, but slower than the reported GFR in rabbits (3.1 mL/(min*kg) [31] ).
In this study, irrelevant Nanobodies were selected to demonstrate the general PK properties of Nanobodies. However, it should be considered in a case-by-case manner that target binding can alter the Nanobody pharmacokinetics. For example, data on the von Willebrand factor (VWF) targeting Nanobody ALX-0081 in mice showed that, in contrast to unbound Nanobody where the percentage of radioactivity was elevated in the kidneys, radioactivity of VWF-bound Nanobody accumulated mainly in the liver [28] , similar to free VWF evaluated in VWF-deficient mice [33] . These data suggest that the disposition of ALX-0081 is altered by binding to its target.
Serum Pharmacokinetics of Half-Life Extended Nanobodies
The anti-albumin half-life extended Nanobodies showed a substantial decrease in total clearance compared to their non-half-life extended counterparts: a 167-fold, 60-fold and 376-fold decrease in clearance was observed for Hle1 versus Irr1 in mice, Irr1-Hle1 versus Irr1-Irr1 in mice and Irr3 versus Irr3-Hle2 in cynomolgus monkeys, respectively. Although the latter comparison in monkeys evaluates the same monomeric Nanobody (Irr3) with or without the anti-albumin moiety (Hle2) resulting in a difference in molecular weight (13 kDa for Irr3 and 26 kDa for Irr3-Hle2), this comparison is still considered to be valid as the PK of the anti-albumin Nanobodies is expected to be mainly driven by albumin binding rather than by the molecular weight of the Nanobody, as demonstrated by the similar PK of Nanobodies Hle1 (16 kDa) and Irr1-Hle1 (31 kDa) in mice ( Figure 1A ; Table 2 ). Presumably, due to the size of the Nanobody-albumin complex, the fraction of complex that is cleared by renal excretion would be limited. Moreover, as demonstrated for albumin, filtered complex might be salvaged back into circulation via tubular re-absorption mediated by albumin neonatal Fc receptor (FcRn) recycling [15, 34] . The protection of albumin through FcRn-endothelial cells [15, 35, 36] . The half-life of albumin between species was found to approximately recycling is not restricted to the kidneys, as FcRn is highly expressed on many cell types throughout the body, including vascular adhere to the following allometric scaling relationship: albumin half-life (days) = 3.75 * Body Weight (kg) 0.368 [37] . Applying this relationship to a 19 g mouse and a 2.4 kg monkey, the observed average body weight in our animal studies, suggests an albumin half-life of 0.87 and 5.2 days for these mice and monkeys, respectively. These values closely matched with the observed average terminal half-life for the three tested half-life extended Nanobodies in mice (Hle1, Irr1-Hle1 and Irr2-Hle2-Irr2) of 0.82 days, and the terminal half-life of Irr3-Hle2 in cynomolgus monkeys of 4.9 days. These data suggest that the half-life of anti-albumin Nanobodies was successfully increased by assuming the PK behavior of albumin in the respective species through albumin binding and subsequent protection by FcRn-recycling. At KD values for murine albumin between 73 nM (Hle1) and 470 nM (Irr1-Hle1), the PK profiles were highly similar (Figure 1 , Panels A, C and D), suggesting that affinities below 470 nM do not further improve the Nanobody kinetics in mice. Although the clearance was slightly higher for Hle1 versus Irr1-Hle1, no conclusion can be drawn from this observation given the small difference in clearance (176 and 135 mL/(day*kg), respectively), the estimated precision of clearance (36 and 103% RSE, respectively) and the inherent expected inter-subject variability of PK parameters. The allometric albumin half-life relationship [37] predicts an albumin half-life of 4.8 days for a 2 kg rabbit. However, the estimated terminal half-life of Irr2-Hle2-Irr2 in rabbits was only 0.13 days. These results were as expected since there is no cross-reactivity of this Nanobody to rabbit albumin, demonstrating the importance of assessing not only the affinity of an anti-albumin therapeutic Nanobody for its therapeutic target but also for albumin in each animal species of interest in a pre-clinical development setting.
Due to the rapid clearance of non-half-life extended Nanobodies, clearance was estimated to be larger than inter-compartmental flow, while the opposite was observed for half-life extended Nanobodies. Although for both types, the PK profiles were characterized by a bi-phasic decline, this observation suggests that in contrast to anti-albumin Nanobodies where, at distribution equilibrium, the body is expected to behave as a single compartment, the kinetics of non-half-life extended Nanobodies would be distribution-limited with the initial phase of the PK profile mainly corresponding to the fast elimination and the terminal phase driven mainly by distribution. Therefore, in the specific case for non-half-life extended Nanobodies, the terminal half-life is not expected to reflect the elimination half-life. This further emphasizes the dominance of the first hour(s) after administration for an accurate estimation of exposure and clearance for non-half-life extended Nanobodies. The estimated volume of distribution at steady state was small for the half-life extended Nanobodies ranging from 52 mL/kg in monkeys to 119 mL/kg in mice, suggesting that Nanobody-albumin complex was mostly restricted to the central compartment with limited tissue distribution, similarly to monoclonal antibodies [38] . Non-half-life extended Nanobodies showed a two to three-fold increase in steady state volume of distribution, suggesting an increase, albeit limited, in distribution due to the smaller size of these unbound Nanobodies. Potentially, tissue distribution could increase further for Nanobodies binding to a target present outside the vascular space, due to high affinity target binding and retention of drug at the target tissue sites [38] .
Both albumin as well as IgG benefit from FcRn recycling resulting in an increase in residence time, albeit with different binding sites and stoichiometry [15, 17] . However, in contrast to species with higher body weight, the half-life of albumin in rodents of approximately 1 to 2.5 days is typically lower than that observed for many IgG's, ranging from several days to weeks [15, 35, 37, [39] [40] [41] [42] . For example, Deng et al. [39] reported an observed clearance of 3-16 mL/(day*kg) in mice and 5-12 mL/(day*kg) in cynomolgus monkeys for 13 monoclonal antibodies. These values are markedly lower than the clearance observed for our Nanobodies in mice (60.4-176 mL/(day*kg)), thus leading to higher expected terminal half-lives given similar distribution. In contrast, in monkeys, the clearance of Nanobody Irr3-Hle2 (7.61 mL/(day*kg)) was similar to the reported clearance of conventional antibodies. Additionally, monoclonal antibody half-life can be very variable depending on the extent of sequence optimization (humanization), evaluated species, isotype or affinity for FcRn. For example, human IgG1 was found to bind more strongly to murine FcRn than mouse IgG1, while binding of mouse IgG1 to human FcRn was limited [43] . In light of in vivo proof-of-concept studies in pre-clinical animal models, it is imperative that these potential differences are taken into account. It is therefore recommended that the PK behavior of both antibody and anti-albumin Nanobody are well characterized in the test species allowing optimal dosing to reach the desired exposure in efficacy studies and allowing more reliable cross-species exposure predictions.
Conclusion
In conclusion, the serum pharmacokinetics of non-half-life extended Nanobodies are dominated by a high total clearance, approximating the species glomerular filtration rate for monomeric constructs, suggesting extensive renal elimination. In contrast, the clearance of anti-albumin Nanobodies is much lower, owing to (i) the larger size of the Nanobody-albumin complex reducing glomerular filtration and (ii) the presumed protection of the complex by albumin salvaging via the neonatal Fc receptor. As such, these half-life extended Nanobodies appear to adopt the kinetics of albumin as demonstrated by the strong similarity between observed Nanobody half-life and predicted albumin half-life in different species. In addition to clearance, the distribution characteristics of Nanobodies can also be modulated, as a two to three-fold increase in steady state volume of distribution was observed for non-half-life extended versus anti-albumin Nanobodies. One major asset of the Nanobody technology is the flexibility to choose a format that reflects the specific kinetic needs: for chronic disease indications, where prolonged exposure is crucial, a half-life extended construct can be generated, while in acute indications non-half-life extended formats might show preferential kinetics. This advantage is demonstrated by the multiple Nanobodies including examples of both formats that are currently in clinical development in a wide array of therapeutic areas, including inflammation, infectious diseases, and hematology [3, [44] [45] [46] .
Experimental Section

Test Item Nanobodies
Seven Nanobodies, composed of a combination of irrelevant (no target binding) and half-life extension (albumin binding) building blocks were generated as described by Arbabi Ghahroudi et al. [47] . Briefly, llamas were vaccinated with a target protein and RNA was extracted from peripheral blood lymphocytes. Genes for the variable domain of the heavy-chain only antibodies (VHH) were amplified from a cDNA library. Target binding Nanobody candidates were selected by panning phage libraries on plates coated with the target of interest. For the generation of multimeric Nanobodies, monomeric building blocks were genetically fused using flexible glycine-serine (GS) linkers. Nanobodies were produced in an Escherichia coli strain (Table 1 , Experiments (Exp.) 1, 2, 7 and 8) or in a Pichia pastoris strain (Exp. 3, 4, 5 and 6). All seven Nanobodies intended for in vivo experiments were purified to endotoxin levels below 0.5 EU/mL. The molecular weight of the final constructs ranged between 13 kDa to 41 kDa. Anti-albumin building blocks were selected based on their capability to bind strongly to cynomolgus monkey and mouse albumin, while lack of binding was seen for rabbit albumin. Irrelevant Nanobody building blocks were selected based on either the absence of target (Irr1) or expected marginal target expression (Irr3), or the lack of target binding in the tested species (Irr2), to ensure that the experiments were not confounded by target-specific Nanobody disposition. In addition, the final selection of Nanobody building blocks and formatted Nanobodies was driven by (i) manufacturability (including yield, solubility and quality assessments), (ii) the impact of formatting on binding affinity and (iii) coverage of Nanobodies with a broad range in pI. An overview of the tested Nanobodies is provided in Table 1 .
Animal Studies
A set of in vivo experiments were set up to evaluate the PK of (non-) half-life extended Nanobodies in healthy female BALB/c mice, healthy female New-Zealand White rabbits or healthy male cynomolgus monkeys (Macaca fascicularis). The in vivo phase of experiments 5 and 6 (Table 1, Exp. 5 and 6) was executed by Charles River Laboratories (UK and France), while the other experiments were performed by LPT, Laboratory of Pharmacology and Toxicology (Germany).
The animal protocols prepared and followed by LPT were evaluated and approved by LPT's Animal Welfare Committee and the responsible local government veterinary office. They were in accordance with the German animal welfare law "Tierschutzgesetz" (TierSchG) and the EU "Directive on the protection of animals used for scientific purposes" valid at the time. The animals were fed according to facility standards and drinking water was available ad libitum. The average body weight of the animals at time of dosing in the different experiments is provided in Table 1 .
Sterile Nanobody solution prepared in Dulbecco's Phosphate Buffered Saline (D-PBS, GIBCO®, Thermo Fisher Scientific, UK) was administered by i.v. bolus injection via the tail vein (mice), ear artery (rabbits) and cephalic vein (monkeys) at a concentration of 0.5 mg/mL for mice and rabbits, and 2 mg/mL for cynomolgus monkeys. Whole blood samples (n = 3, per time-point, per experiment) were collected by cardiac vein or retrobulbar puncture for mice, puncture of the auricular artery for rabbits and of the cephalic or great saphenous vein for cynomolgus monkeys at the following sampling times: Pre-dose, 5 Serum samples were prepared in fresh tubes by allowing the whole blood samples to clot for 0.5 h at room temperature (RT) (Exp. 1 to 4), between 1 to 3 h at RT (Exp. 5 and 6) or for 1 h at 37 °C (Exp. 7 and 8), followed by centrifugation of the samples at 4 °C for 3' at 20,000 g (Exp. 1 to 4), 10' at 1,000 g (Exp. 5 and 6) or 10' at 10,000 g (Exp. 7 and 8). After separation of the upper phase, serum samples were stored at −80 °C prior to shipment and bioanalysis.
Determination of Nanobody Serum Concentrations
Total systemic Nanobody concentrations were determined with enzyme linked immunosorbent assays (ELISA). The test items were captured on a 96 well microtiter plate either with an IgG or a Nanobody directed against the test Nanobody (Table 1, Exp. 1 to 6) or with the human target protein the test item was generated against (Exp. 7 and 8). Detection was performed with either a horse radish peroxidase (HRP) labeled IgG (Exp. 1 to 4) or a biotinylated Nanobody followed by Streptavidin-HRP incubation (Exp. 5 and 6) or with an anti-Nanobody Rabbit polyclonal, followed by an HRP-Goat-Anti-Rabbit IgG incubation step (Exp. 7 and 8). The colorimetric change resulting from the catalysis of the chemical reaction with the added substrate 3,3',5,5'-Tetramethylbenzidine (TMB) was measured by a spectrophotometer at 450 nm, after stopping the reaction with 1 M hydrochloric acid. The Lower Limit of Quantification (LLOQ) for each assay is provided in Table 1 .
Pharmacokinetic Data Analysis
Individual (cynomolgus monkey) or mean (mouse) serum concentration-time profiles after i.v. administration of the test items in each experiment were analyzed via two-compartmental (pre-programmed model 7) pharmacokinetic analysis using Phoenix WinNonlin version 6.3 (Pharsight, Certara, Princeton NJ, USA). Profiles were fitted using iterative re-weighting (1/y 2 ), with y as the predicted serum concentration. The following PK parameters were estimated: primary parameters clearance (CL), central volume of distribution (Vc), peripheral volume (Vp) and inter-compartmental flow (Q), and secondary parameters area under the curve (AUC), terminal or beta phase half-life (t1/2,beta) and volume of distribution at steady state (Vss).
In rabbits, data at only three time-points were available, as Nanobody levels were only quantifiable up to 8 h post-administration. Therefore, a non-compartmental PK analysis (NCA) using Phoenix WinNonlin version 6.3 (Pharsight) was performed on the mean serum concentration-time profile. The area under the curve (AUC) was calculated using the Linear-up-Log-down trapezoidal rule. The terminal phase was determined considering the last two observed time-points only (3 h and 8 h post-administration).
The nominal dose shown in Table 1 , either fixed (Exp. 1-4, µg) or body weight adjusted (Exp. 5-8, mg/kg), was used for PK analysis. Nominal sampling times were considered as the actual recorded time was within 5% of the corresponding nominal time for all bleeds. PK values below the limit of quantification were treated as missing.
